Background: Although a loss of rotator cuff integrity leads to the superior migration of the humeral head, the parameters that characterize the anterolateral migration of the humeral head have not been established. The purpose of this study was to investigate the correlation between the translation of the humeral head scale (T-scale) and clinical outcomes of rotator cuff repair, as well as the correlation between the T-scale and radiologic parameters. Methods: One hundred thirty-five consecutive patients with full-thickness rotator cuff tears underwent primary rotator cuff repair. The T-scale, which indicates the distance from the center of the humeral head to the lateral coracoacromial arch, was measured on axial computed tomography scans, and the acromiohumeral interval (AHI) was measured radiographically. The correlation of the two parameters with the clinical scores of the Japanese Orthopaedic Association and University of California-Los Angeles scores and active forward elevation (FE) were evaluated at the preoperative and postoperative stages, respectively. Results: The postoperative T-scale and AHI correlated well with the postoperative FE and clinical scores in the patients with large-massive tears but not in those patients with small-medium tears and preoperative large-massive tears. A significant correlation was observed between the postoperative T-scale and AHI. The T-scale was subject to cuff repair integrity.
Background
Patients with large-massive rotator cuff tears present a surgical challenge to the relief of pain and restoration of shoulder function. A loss of rotator cuff integrity creates an unstable fulcrum of motion, leading to the superior migration of the humeral head on the glenoid and altered glenohumeral joint biomechanics [1] . Various techniques are recommended to address such tears, including debridement with acromioplasty, partial repair, primary arthroscopic repair, mini-open repair, tissue augmentation, tendon transfer, hemiarthroplasty, and reverse shoulder arthroplasty [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, many large-massive tears are associated with high rates of recurrent tendon defects on follow-up examinations [4, 12] , which are associated with postoperative strength deficits and poorer outcome scores [13, 14] .
Irreparable rotator cuff deficiencies and coracoacromial arch losses are complicated by the compromise of the anterior portion of the deltoid muscle as a result of surgical procedures, particularly in patients with a prior open repair [15] . The intact posterior and lateral portions of the deltoid exert a net posterior vector on the mid-shaft of the humerus during contraction, which intensifies the anterior escape of the humeral head. Anterosuperior escape may also be exacerbated by asymmetric posterior capsular contracture. The combined loss of the rotator cuff, coracoacromial arch, and anterior deltoid integrity results in dynamic anterosuperior instability that occurs during attempted elevation [16] .
The acromiohumeral interval (AHI) has been proposed as a reliable measure of superior migration of the humeral head [17] . Using this scale, Hamada et al. radiographically classified massive rotator cuff tears into five grades [18] and suggested that cuff repair should be performed before AHI narrowing occurs [19] . The Seebauer classification system provides a biomechanical description of rotator cuff tear arthropathy and distinguishes each type of tear based on the degree of superior migration from the center of rotation and the amount of instability [20] . However, the distinction between type 2A and 2B lesions, which is based on the integrity of the anterior restraints and structures, is difficult to assess on plain radiographs; moreover, the parameter that elucidates the anterolateral migration of the humeral head has yet to be established.
We recently developed a novel parameter to measure the anterolateral migration of the humerus: the translation of the humeral head scale by Taniguchi (T-scale) [21] . The purpose of this study was to investigate the correlation between the T-scale and clinical outcomes following rotator cuff repair and the correlation between the T-scale and radiologic parameters. We hypothesized that this scale might explain significant postoperative differences and could potentially serve as a prognostic factor to measure the success of rotator cuff repair.
Methods

Patient selection
Ethical committee approval for the present study was obtained from the University of Miyazaki Ethics Board. This case series study (level of evidence IV) consisted of 135 consecutive patients with full-thickness rotator cuff tears who failed to undergo conservative treatment and underwent primary cuff repair between January 2010 and August 2015. Twelve patients were excluded because computed tomography (CT) scans were not available, and 15 patients were lost to follow up. The remaining 108 patients (37 women and 71 men) had a mean age of 65.1 years (range, 40-86 years) at the time of surgery. The rotator cuff tears were diagnosed primarily by physical examination, and T2-weighted spin-echo magnetic resonance imaging (MRI) was performed for all patients preoperatively and at the last follow-up visit.
The standardized follow-up time points were at 1 year or more after surgery. Patients were excluded if they had a history of dislocation or fracture of the shoulder, degenerative or inflammatory arthritis, infection, neuropathic changes, prior surgical procedures on the shoulder.
Operative techniques
During the surgery, acromioplasty was performed by resection of the coracoacromial ligament according to the method described by Ellman [22] . The tear size was measured intraoperatively and classified using the system described by DeOrio and Cofield as small (<1 cm), medium (1 cm to 3 cm), large (3 cm to 5 cm), and massive (>5 cm, or involving two tendons) [23] . Patients with small-medium tears underwent arthroscopic singlerow repair, the suture bridge method, or the surfaceholding method [24] [25] [26] , and patients with largemassive tears underwent arthroscopic suture bridge and the surface-holding method or open surface-holding repair [27] . The surface-holding method is a modified transosseous-equivalent procedure using medial anchors and lateral transosseous sutures [26, 28] , and in certain cases, the bone marrow stimulation technique was applied after anchor insertion [29] . During postoperative rehabilitation, an abduction pillow was used for six weeks in cases of small-medium tears and for eight weeks in cases of large-massive tears [26, 29] .
Clinical assessment
All patients underwent a physical examination prior to surgery. Postoperative evaluations were performed at 1 year or more after surgery, and the Japanese Orthopaedic Association (JOA) shoulder score (100-point scoring system) [30] and University of California-Los Angeles (UCLA) rating scale (35-point scoring system) [17] were recorded at each time point.
Radiographic assessment
Preoperatively and at the last follow-up visit, a true anteroposterior radiograph in neutral shoulder rotation with the patient standing was obtained, and the AHI was assessed in accord with the method of Iannotti et al. [31] . In cases of superior escape in which the line tangent to the top of the humeral head was higher than the line parallel to the undersurface of the acromion, the AHI was represented as a negative value. The patients were assessed using axial CT scans at the preoperative stage and the latest follow-up visit.
With patients in the supine position, the shoulder was maintained with the long axis of the scapular body and the long axis of the humeral shaft nearly parallel to each other, and CT scans were taken at right angles perpendicular to the long axis of the scapular body. The T-scale was measured following the method described previously [21] . The T-scale was measured using merged slices of the anterolateral edge of the acromion and the lateral edge of the coracoid process on the axial view, and a line was drawn between the two portions. Then, using the slice of the maximum diameter of the humeral head, a circle was fit to the curvature of the articular surface, and the center point was defined. Finally, the perpendicular distance from the center point to the line was measured. When the center point was located inside the line, the distance was represented as a positive value (Fig. 1a) , whereas when the center point was located outside the line, the distance was represented as a negative value (Fig. 1b) . The rotator cuff serves as the primary restraint to anterosuperior migration of the humeral head, while the coracoacromial arch provides a secondary restraint [16] . A line drawn between the anterolateral edge of the acromion and the lateral edge of the coracoid process represents the lateral coracoacromial arch, and the T-scale indicates the location of the humeral head relative to the coracoacromial arch.
The patients also underwent T2-weighted spin-echo MRI to evaluate the cuff repair integrity, which was classified into 5 types based on the oblique coronal and oblique sagittal views following Sugaya's classification [30] .
Statistical analysis
Numerical data were statistically analyzed using GraphPad Prism 5.0 software (San Diego, CA, USA). The results are presented as the means and standard deviations. All data were tested for a normal distribution using the Kolmogorov-Smirnov test. Statistical comparisons between the two groups were performed using the Mann-Whitney U test and Wilcoxon signed rank test for unpaired groups and paired groups, respectively, and the chi-square test was used for categorical variables. The Spearman correlation coefficient was used to test relationships between variables. Values of P < 0.05 were considered significant.
Results
The average follow-up period was 15.0 months (range, 12-40 months). The preoperative epidemiologic data for the entire population (N = 108) and each group (smallmedium tears, N = 56; large-massive tears, N = 52) are shown in Table 1 . The results indicated that age, gender, affected side, and follow-up period were similar between the small-medium tear group and large-massive tear group. At the postoperative stage, a significant increase was observed in the JOA score (P < 0.0001), UCLA score (P < 0.0001), and active forward elevation (FE) range (P < 0.0001) in both the small-medium tear and largemassive tear groups and for the entire group of shoulders studied (Table 2) . Although the postoperative mean JOA score, UCLA score, and FE range in the largemassive tear group were significantly lower than those in the small-medium tear group (P < 0.0001), such Fig. 1 T-scale measurements. Using merged slices of the anterolateral edge of the acromion and the lateral edge of the coracoid process, a line was drawn between the two portions, and then the perpendicular distance from the center of the humeral head to the line was measured. When the center point was located outside the line, the T-scale was represented as a negative value. The measured T-scale was (a) 2.2 mm and (b) -6.4 mm differences were not found between the two groups preoperatively.
Correlation of the T-scale with the FE and clinical scores
We examined the relationship between the T-scale and FE at the preoperative and postoperative stages for both the small-medium and large-massive tears. For the small-medium tear patients, significant correlations were not observed between the T-scale and FE in either the preoperative (r = −0.2097, P = 0.1209) or postoperative measurements (r = −0.0589, P = 0.6662) ( Table 3) . For patients with large-massive tears, the correlation was not significant between the preoperative FE and preoperative T-scale (r = −0.0316, P = 0.8242); however, a strong positive correlation was observed between the postoperative FE and the postoperative T-scale (r = 0.5412, P < 0.0001).
Next, we investigated whether this correlation was reproducible in the clinical scores. We observed significant correlations between the postoperative T-scale and the postoperative JOA score (r = 0.5136, P < 0.0001) and between the postoperative T-scale and the postoperative UCLA score (r = 0.3638, P = 0.0080). No significant correlations were found between the preoperative T-scale and the preoperative JOA score (r = 0.1357, P = 0.3374) or between the preoperative T-scale and the preoperative UCLA score (r = −0.0222, P = 0.8759). In summary, these findings indicate a strong association of the postoperative T-scale with the postoperative FE and with the postoperative clinical scores in large-massive tear patients. The representative data of patients treated with cuff repair for massive rotator cuff tear are shown in Fig. 1 . At the postoperative stage, the patient with a T-scale of +2.2 mm (Fig. 1a) presented a JOA score, a UCLA score and an FE of 89.5 points, 30 points and 150 degrees, respectively, whereas in the patient with a T-scale of −6.4 mm (Fig. 1b) , these values were 67 points, 17 points and 45 degrees, respectively.
Correlation of AHI with the FE and clinical scores
Next, we measured the conventional AHI using the radiographs of the patients with small-medium tears and large-massive tears. We did not observe a significant correlation for either small-medium tears or largemassive tears between the preoperative AHI and the preoperative FE (r = −0.1133, P = 0.4058; r = 0.070, P = 0.5876), between the preoperative AHI and the preoperative JOA score (r = −0.1170, P = 0.3905; r = 0.2100, P = 0.1352) or between the preoperative AHI and the preoperative UCLA score (r = −0.1613, P = 0.2393; r = 0.1533, P = 0.2778) (Table 4) . However, a significant linear relationship was observed between the postoperative AHI and the postoperative FE in patients with largemassive tears (r = 0.5170, P < 0.0001). A significant positive correlation was also found when the postoperative Preoperative and postoperative data for all shoulders, the small-medium tear group, and the large-massive tear group AHI was compared with the postoperative JOA score (r = 0.5567, P < 0.0001) and the postoperative UCLA score (r = 0.2841, P = 0.0413), although that correlation was not observed in patients with small-medium tears postoperatively.
Correlation of the T-scale with the AHI
Because both the T-scale and AHI were well correlated with the FE range and the clinical scores postoperatively, we sought to examine the relationship between the Tscale and the AHI. At the preoperative stage, significant correlations were not observed between the T-scale and AHI (r = −0.2127, P = 0.1300); however, at the postoperative stage, a significant linear correlation was found between the two parameters (r = 0.4330, P = 0.0013) ( Table 5 ). These findings demonstrated that the postoperative T-scale and the postoperative AHI converged after repair of large and massive tears.
Postoperative T-scale and cuff repair integrity
Because cuff integrity can affect clinical and functional results even several years after rotator cuff repair [32] , we compared the postoperative T-scale and the postoperative AHI with cuff repair integrity and found that the postoperative T-scale (r = −0.3146, P = 0.0231) and the postoperative AHI (r = −0.3137, P = 0.0235) were both significantly correlated with cuff repair integrity (Table 6 ). These findings suggest that the anterolateral migration of the humeral head after rotator cuff repair, which was indicated by the postoperative T-scale, was subject to cuff repair integrity.
Discussion
The AHI is commonly used to grade the severity of cuff tears [18] but does not directly measure the integrity of the anterior restraints and structures. The humeral head migrates anterolaterally after loss of the coracoacromial arch, weakness or insufficiency of the anterior deltoid, and asymmetric contracture of the posterior capsule. This anterolateral migration of the humeral head is difficult to assess on plain radiographs. We have proposed a novel, clinically relevant parameter (T-scale) for measuring the anterolateral migration of the humeral head in Table 3 Correlation between the T-scale and FE/clinical scores at the preoperative and postoperative stages in small-medium tears and large-massive tears. In small-medium tears, significant correlations were not observed between the T-scale and FE at either the preoperative (P = 0.1209) or postoperative stages (P = 0.6662). In large-massive tears. a significant correlation was observed between the T-scale and FE postoperatively (P < 0.0001), although the correlation was not significant preoperatively (P = 0.8242). The JOA score (P < 0.0001) and UCLA score (P = 0.0080) were associated with the postoperative T-scale Correlation between the T-scale and FE/clinical scores at the preoperative and postoperative stages in small-medium tears and large-massive tears Table 4 Correlation between the AHI and FE/clinical scores at the preoperative and postoperative stages in small/medium tears and large-massive tears. At the preoperative stage, no significant correlation was observed between the AHI and FE in both smallmedium tears and large-massive tears, whereas at the postoperative stage, a significant linear correlation was found between the AHI and FE (P < 0.0001), between the AHI and JOA score (P < 0.0001), and between the AHI and UCLA score (P = 0. Correlation between the AHI and FE/clinical scores at the preoperative and postoperative stages in small/medium tears and large-massive tears patients with rotator cuff tears. The postoperative Tscale correlated well with the clinical outcomes and integrity of rotator cuff repair for patients with largemassive tears. A decreasing or negative T-scale represents anterolateral migration of the center of the humeral head beyond the line of the lateral coracoacromial arch, indicating loss of the secondary restraint provided by the coracoacromial arch. Although AHI is commonly used to classify the severity of rotator cuff deficits, studies have shown that radiographs to determine the acromial shape does not have high intra-or inter-observer reliability [33] [34] [35] . AHI may be confounded by acromial morphology or acromial osteophytes, making its measurement less objective and reproducible, particularly after treatment with acromioplasty. The shape of the acromion is also affected by the angle of the radiograph, so subtle changes in the radiological beam can change the perceived shape of the acromion. AHI also does not directly measure the component of anterior translation in the case of anterosuperior escape of the humerus. Furthermore, measurements of AHI on MRI or CT scans obtained in the supine position are typically smaller than conventional radiographic measurements [36, 37] . We therefore sought an alternate measure of anterolateral instability that was reproducible and had predictive potential.
We examined the relationship between the T-scale and FE at the preoperative and postoperative stages for both small-medium tears and large-massive tears. At the preoperative stage, the data were evenly distributed for both the small-medium and large-massive tears without a significant correlation between the two parameters; however, at the postoperative stage, a strong positive correlation existed between the T-scale and FE in largemassive tears. Moreover, a significant correlation was observed between the T-scale and the clinical scores.
These findings indicate that the humeral head had tended to shift anterolaterally in the patients with poor surgical outcomes. This correlation indicates that the surgical technique likely affected the stability of glenohumeral joint, and re-establishing the appropriate force couples is important for obtaining a stable fulcrum for humeral head rotation.
Regarding the AHI in the patients with large-massive tears, a significant positive correlation was observed with the FE and clinical scores postoperatively. This result is consistent with a previous report showing that the postoperative AHI correlated significantly with the postoperative Constant score, size of the re-rupture, and postoperative fatty degeneration of the infraspinatus [13] . Our results demonstrated that both the T-scale and the AHI correlated well with the FE and clinical scores postoperatively and that the T-scale and AHI were significantly and positively correlated at the postoperative stage. A loss of rotator cuff integrity leads to the superior migration of the humeral head on the glenoid [1] . In our hands, the T-scale and AHI were well correlated with cuff repair integrity. These findings suggest that rotator cuff re-tearing may be responsible for superior migration and anterolateral migration of the humeral head. It is also possible that the T-scale measured at an early postoperative time point might be an early marker of failure of rotator cuff repair for large-massive tears. Acromioplasty can affect the postoperative AHI, but may have a smaller effect on the T-scale because the anterolateral edge of the acromion is relatively preserved.
This study had some limitations. Because the T-scale is subject to the morphology of the acromion and coracoid process, anatomical variations among individuals may influence this factor. The coracoacromial ligament was transected in all cases, which may cause increased anterosuperior escape in patients with large-massive cuff tears, and the different surgical techniques for both small-medium and large-massive tears may affect the clinical results. There is possibility of inter-observer and intra-observer variability in placing a line between the anterolateral edge of the acromion and the lateral edge of the coracoid process. Our intercorrelation coefficients were acceptable at 0.89 and 0.93, respectively [21] . Postoperatively, both the AHI and T-scale were measured at the same time as the clinical assessment. Therefore, one cannot determine a cause-and-effect relationship between T-scale and failure of cuff repair. Only FE was Table 6 Correlation between the postoperative T-scale/AHI and cuff integrity. The T-scale (P = 0.0231) and AHI (P = 0.0235) were both significantly correlated with cuff repair integrity at the postoperative stage Correlation between the T-scale and AHI recorded, not abduction, internal rotation or external rotation. Additionally, the follow-up period was a minimum of 1 year; however, the postoperative shoulder active range of motion plateaus at 6 months, and the clinical scores do not change significantly after 1 year [38] .
Conclusions
We demonstrated that the T-scale was well correlated with the clinical results of rotator cuff repair and the AHI for large-massive tears. Our results indicate that poor outcomes after repair, especially with retears of the cuff, are associated with combined superior and anterolateral migration of the humeral head. It is also possible that early postoperative T-scale measurements could be an early marker of clinical outcomes, which might be useful to more closely follow up at-risk patients; however, additional CT scan and the risk of radiation have to be balanced against the cost and morbidity associated with retears that may require another surgical option rather than continuing the long-term rehabilitation, especially in younger patients. 
